INTRODUCTION
Concentrator photovoltaic (CPV) technology is based on the use of inexpensive optics to concentrate solar irradiance on a photovoltaic device. Concentration reduces the area of semiconductor for a given collecting aperture and enables the use of very high efficiency devices such as multi-junction (MJ) solar cells based on III-V compound semiconductors. These solar cells, developed initially for the aerospace industry, can be competitive in the terrestrial PV market when used in high-concentration PV systems (HCPV). A cumulative capacity of hundreds of MW of HCPV has already been installed and a significant increase is foreseen for the next years [1] .
Two fundamental characteristics of HCPV systems are relevant regarding its use of the solar resource. On the one hand, only Direct Normal Irradiance (DNI) is exploited due to the limitation of the angular transmission of the optics. On the other hand, MJ cells are highly dependent on solar spectrum variations [2] , [3] compared to single junction devices such as crystalline silicon solar cells.
Since the subcells within a MJ solar cell are connected in series the subcell generating the least limits the current flowing through the device. Variations in the spectral distribution of the irradiance may introduce a mismatch between the currents photogenerated by every subcell in the stack and consequently limit the performance of the MJ solar cell. Therefore, a deeper characterization of the solar resource, and particularly the spectral variations caused by the atmosphere, is necessary for the design and performance estimation of MJ cells and the HCPV systems based on them.
Solar irradiance reaches the Earth's surface after the absorption and scattering caused by an atmosphere that is composed of distinct atmospheric components, each of them have a different impact on the final solar spectral irradiance distribution. To account for the influence of the atmosphere on the power generation of CPV systems, it is necessary to measure or estimate the spectral distribution of DNI, although some of these atmospheric components can influence CPV production without changing the solar spectrum but for example modifying the circumsolar radiation [4] . Direct measurement by means of spectroradiometers [5] has proved to be both very expensive and to require continuous maintenance and calibration to ensure accuracy. Alternatively, a simple and affordable method to characterize the solar resource is a set of component cells [6] - [9] . The so-called 'isotype' cells provide a very low spectral resolution, typically composed of three values, but enough to determine the performance of state-of-the-art CPV technologies. Although first experiences based on this approach have shown very good results [10] , [11] and component cells and derived spectral parameters [9] are gaining prominence in the CPV community, worldwide data are not available for the evaluation of the potential generation of CPV systems, a gap that this paper intends to fill based on the MJ solar cells spectral impact.
An alternative approach for the atmosphere characterization involve the use of atmospheric radiative transfer models [12] , such as SMARTS [13] , SPECTRAL2 [14] , and MODTRAN [15] , which synthesize spectrally resolved DNI and GNI (Global Normal Irradiance) upon a particular atmospheric and environmental condition. The spectrally-resolved DNI is obtained by starting with the extraterrestrial irradiance, corrected by actual sun-earth distance, and considering atmospheric factors with a known impact on transmittance, namely, Rayleigh scattering, absorption by ozone, nitrogen dioxide, uniformly mixed gases and water vapor, and aerosol extinction. Among those factors, the sunlight path length, which is function of Sun's zenith angle and altitude, the aerosol extinction and water vapor absorption are considered to be the principle impact factors [14] , [16] - [21] .
Therefore, based on a set of input parameters, primarily air mass (AM), aerosol optical depth (AOD), and precipitable water (PW), as well as geographical information (mainly altitude), radiative transfer models can provide the spectrally resolved DNI at a specific moment and location.
Furthermore, a representative number of simulated spectral irradiance distributions can be used for estimating the average effect of the spectral variations in the performance of a MJ solar cell in periods of days, months, or a whole year for a specific site. This information is then used in this paper for the optimization of the current balance between subcells within a MJ solar cell under the standard reference spectrum, which will depend on the site.
The advantage of this approach is that satellite sources (MODIS [22] and SOLIS model [23] , [24] ) and a worldwide ground network with higher accuracy, AERONET [25] (AErosol RObotic NETwork), which provide the required atmospheric data are already available. AERONET is a network of ground-based sun photometers established by NASA and PHOTONS (PHOtométrie pour le Traitement
Opérationnel de Normalisation Satellitaire) and it is greatly expanded by cooperation of research centers and individual scientists. The historical data and the wide geographical representation of the locations in the AERONET database have great value for the evaluation of part of the spectral variability relevant to MJ solar cells and consequently to CPV. These spectral data considering the locations with the most complete representative annual series are used in this work to estimate representative information of different climates and regions around the world.
The set of spectrally-resolved DNI for a number of sites and years, modeled with SMARTS from AERONET data, has been used to obtain spectral indexes used in CPV [26] , [27] considering a representative operation cell temperature of 90 ºC. A second variant is considered at 25 ºC to estimate the spectral variation on MJ solar cell photocurrent due to thermal drift. Nevertheless an analysis of the influence in a concrete CPV system should also consider the effect of the optics on the spectral distribution on the MJ cell [28] , the change on the transmittance due to temperature variations on the optics [29] , [30] and ambient temperature fluctuations.
For the assessment and validation of this procedure, a comparison between spectral matching ratios 
AERONET data
The AERONET network is based on the instrument CIMEL Electronique 318A, which is a sky spectral sun photometer [31] - [33] . A sensor head fitted with collimators is attached to a robot base which systematically points the sensor at the sun disc and sky positions according to a programmed routine [25] .
The radiometer makes two basic measurements, either sun disk or sky, both within several programmed sequences [25] . For the case of direct sunlight, the spectral irradiance at wavelengths of 340, 380, 440, 500, 670, 870, 940 and 1020 nm are measured (a sequence of three measurements are taken, creating a triplet per wavelength). The 940 nm channel is used for the determination of the atmospheric content of precipitable water (PW). Additionally, the attenuation induced by Rayleigh scattering and absorption by ozone and gaseous pollutants is estimated and removed to isolate the aerosol optical depth (AOD). This measurement is realized to screen the cases of influence of clouds.
The typical time interval between measured data is 15 minutes.
Data Quality
The associated data published in the database of AERONET have three different levels, namely, level 1.0, level 1.5 and level 2.0 ordered by increasing level of data quality and reliability, but reducing the amount of available data.
In order to have a trade-off between reliable and representative results, data at level 1.5 (automatic cloud screened but no manual data inspection) are used for this study, considering one natural year as the time period unit. However, the data quality of each available location of AERONET is quite different considering the measurement frequency and the lack of data in a relatively long period, so a site analysis has been conducted to ensure very high data quality of the selected sites. It must be pointed out that the sun photometer does not generate data in cloudy conditions, so a lack of data caused by long cloudy periods or reliability and maintenance issues are indistinguishable. Nevertheless, these periods are of little relevance for CPV, as diffuse light is wasted.
Representative locations have been first selected according to data at level 2.0 because they are available on a single database (1.5 level data must be downloaded for each location separately). The database contains level 2.0 data of more than 800 locations, whose measured atmospheric parameters have different level of quality for each location and every year. The site and period selection criteria are set to be: covering a wide range of climate conditions. The final set of locations can be seen in Figure 1 (the detailed list of selected locations is in the Appendix): Figure 1 Worldwide distribution of selected AERONET locations. Note: numbers inside circles identify locations and can be found in Appendix.
SPECTRAL ANALYSIS OF A LOCATION

SMR as spectral index for CPV applications
A simple and affordable way to spectrally characterize the solar resource for CPV applications is a set of component cells [9] . In a component cell only one of the subcells is electrically active, while the others 
where represents the photocurrent of the subcell i when illuminated with a particular spectral irradiance distribution and stands for the photoresponse of that subcell under the reference spectrum AM1.5D.
Considering, for example, a LM GaInP/GaInAs/Ge 3J cell, three spectral indexes can be defined: form a set of indexes that characterize the spectral irradiance for that particular MJ solar cell technology, consequently two spectra can be considered equivalent for the particular MJ solar cell when they attain the same SMRs. To put it another way, the subcells within a MJ solar cell show the same current ratios under any spectral condition with the same SMRs.
Annually DNI-weighted Spectral Matching Ratio
Based on the solar spectral irradiance obtained with SMARTS on the basis of the AERONET data 
where is the annually DNI-weighted average ; DNI P,AERONET stands for the representative DNI at the particular time period modeled with SMARTS from AERONET data; ∆t is the time resolution, which is calculated by the time difference between two consecutive measurements; usually 15 minutes but can be lower (i.e. it is assumed that the spectral irradiance DNI P,AERONET stays stable between samples). (from now on AERONET annual DNI) is going to be limited by AERONET availability. Although previous filters have constrained the set of sites to those with the highest amount of data, the total annual DNI measured by AERONET is going to be lower than if it was measured by a pyrheliometer.
Annually DNI-weighted average atmospheric parameters have been calculated using the same procedure. The results of these annually DNI-weighted average atmospheric parameters ( , and ) and annually DNI-weighted average SMR ( and ) for all listed locations are detailed in the Appendix.
A graphical representation of the distribution of the annual DNI as a function of and has been proposed [35] for the spectral characterization of a particular site for CPV applications, whose coordinates and reveal how well matched is a particular MJ technology to that site and the current balance correction needed to optimize that technology to the site. While that work was based on long time spectral characterization of the site based on component cells, data that are available only in very few sites over the world, here we propose the use of the extended AERONET database to determine the potential solar resource for CPV applications.
Experimental validation. Case study: Madrid
IES-UPM has been collecting spectroheliometer SMR data since 2011 at a site that is only 200m distant from an AERONET station maintained by the Spanish state meteorological agency (AEMET).
Both instruments see virtually the same sky (when no clouds are present in the low-étage), which represents a convenient scenario for comparing both spectral data sources.
As an example of the aforementioned graphical representation, Figure 3 shows the spectral distribution of DNI in Madrid for the year 2013, obtained from the spectroheliometer and AERONET data processed with SMARTS. Considering that AERONET stations usually have a sampling frequency of 15 minutes and the spectroheliometer is sampled every minute, the spectroheliometer dataset has been interpolated to the time array of the AERONET data. Regarding data screening, AERONET level 2.0 data quality has been selected, therefore it assures cloud screening plus manual quality verification [36] . The false color map is an indication of the direct normal irradiation that is 
MAPPING THE SOLAR RESOURCE WITH THE SPECTRAL CHARACTERISTICS OF WORLDWIDE LOCATIONS
The aim of this section is to show the capability of a set of SMR indexes, namely two SMRs for the case of triple junction solar cells, to characterize a particular atmospheric condition for that MJ solar cell technology. Among the atmospheric parameters, air mass (AM) corrected with site elevation [37] , aerosol optical depth (AOD), and precipitable water (PW) are considered to be the main factors impacting DNI spectrum, while others such as ambient temperature, air pressure, ozone and others have a minor impact [38] . Therefore, for the case of MJ cells, a particular atmospheric condition can be determined by means of the triplet (AM, AOD, PW). Nevertheless, the impact of such atmospheric condition on the MJ device performance cannot be directly calculated, but it is necessary to estimate the spectral distribution of DNI first by means of a radiative transfer model and then calculate the performance of the device through its spectral response. Alternatively, SMR indexes allow the direct estimation of the impact on the MJ performance since they account for the variations in current ratios among the subcells of the device. Thus, it would be helpful to determine relationships between the atmospheric indexes (AM, AOD, PW) and the spectral indexes (SMRs).
The selected sites (see Appendix for details), which cover a wide range of climatic conditions, will be used to determine the correlation between both atmospheric and SMR indexes. We shall start studying the atmospheric parameters that affects each SMR index, not only for the case of 
Note: numbers inside circles identify locations and can be found in Appendix.
The index covers the top and middle subcell spectral regions, i.e., from 350 to 900 nm, so it is mainly affected by AM and AOD [27] . The lower the latitude, the lower the mean air mass, which result in higher values of The relationship of with is pointed out in Figure 5 . The higher the , the stronger the absorption of the DNI in the infrared region, more important in the bottom subcell region than in the middle one, leading to high values. Consequently, the proximity of big masses of water (as in the case of islands and coastal sites) increases the level of ; some example cases are Lanai (19) in Hawaii and Jabiru (14) and Lake Argyle (18) 
Relationship between spectral parameters and SMRs
In a previous work [27] , the relationships between the SMR indexes and atmospheric parameters were determined based on experimental instantaneous data measured in Madrid throughout the year 2013. This relationship can be obtained from a set of places that can be considered to be representative of the areas where CPV is prone to be installed among the selected sites from AERONET network, i.e.
those whose is lower than 0.15 and is between 0.7 and 2. This group needs also to be filtered by the AERONET annual DNI, but as it was pointed out in paragraph 3.2, we cannot consider AERONET annual DNI as an absolute reference. Therefore, we take as threshold the median energy of the group that drops sites that clearly are not target for CPV as Toronto (32), Halifax (11) or Egbert (6), all in Canada. In the end, 13 sites are selected as base for the model whose names are highlighted in bold in Table 2 and Table 3 of the Appendix.
The proposed model is linear plus some products that account for parameters that affect similar spectral regions:
This instantaneous SMR model is applied to all sites, including those who were not selected to create the model. The accuracy of the model for each location can be evaluated looking at the residuals that should be approximately normally distributed, where a low standard distribution shows a good fitting and a zero centered distribution stands for an unbiased estimation. In Figure 6 mean value and standard deviation (in percentage) of residuals are plotted for each location. Outliers, defined here as those moments of every location whose residuals are larger than 0.1, were filtered out (they represent less than 1% of the total of the moments). The figure shows a better fitting for the 13 selected sites (round dots), while other climates with lower potential for CPV show higher dispersion and bias in the residuals, taking into account always that the model is an approximation of several non-linear effects.
Even for climates with very high AOD values not suited for CPV installations, such as Bahrain (1) or
and Yonsei-University (34) in Seoul, the model works reasonably well and is able to show the strong correlation between SMR indexes and atmospheric parameters. As stated above, the and are the spectral coordinates that reveal how well matched is a particular MJ technology to the spectral conditions of a site. In this sense, the relationship between the local annually DNI-weighted average atmospheric parameters to such coordinates would provide a fast way to determine the potential of a particular site for a particular MJ technology. Similar equations to the instantaneous model are revealed but with slightly different coefficients, as is shown in Eqs. (6) and (7). Again, only the 13 CPV-prone sites have been used to determine this time the fit parameters of an annual model. This model is based on annual DNI-weighted averages of the atmospheric parameters as input values, i.e. , and , instead of their corresponding instant values:
Even though has been included in the Eq. (6), its influence in id to is less than 3%, so from here on it will be neglected in the graph (but not in the model) to ease the graphical representation of the involved spectral parameters. In Figure 7 , the annual DNI-weighted average for the 34 selected locations using As in the previous case, there is a high correlation between and the atmospheric parameters with a standard error of estimate of 1.20% for the 34 sites and 0.23% for the 13 sites that feed the model. Furthermore, it is interesting to notice that for the spectral ranges of the QE of LM-Ge 3J cell technology, air mass does not significantly contribute to , and consequently it was ignored in Eq. (7).
GLOBAL ANALYSIS OF SPECTRAL INFLUENCE FOR SEVERAL KINDS OF TRIPLE JUNCTION CELLS
The analyses in previous sections were conducted on LM GaInP/GaInAs/Ge triple junction solar cells, hereafter LM-Ge. The aim of this section is to compare these data with those obtained for other triple junction technologies, including various types of lattice-matched and metamorphic triple-junction solar cells. Table 1 shows the materials and bandgaps of the cells used in the study, covering on the one hand lattice-matched 3J solar cells, both traditional cells based on Ge substrates and cells based on dilute nitrides, and on the other hand metamorphic 3J solar cells, both upright and inverted grown. The results suggest that the CPV module optimization should increase top current for the four technologies and most of the sites, which can be made at the cell level or by means of the optics, as for example promoting short wavelength focusing or tuning the antireflective coating [42] . The optimum top/mid current ratio under the reference spectrum must accomplish the following condition [9] for a particular site. where stands for the top/mid current ratio at the reference spectrum AM1.5D-G173. Depending on the purpose, this ratio can be considered only for the bare cells or including also the spectral transmission of the optics. In a further step, if the detailed spectral performance of the optics is known, including temperature dependence, it could be also included to calculate .
Bare cells are commonly optimized to have top/mid current ratio as close as possible to one under the reference spectrum, so the optics should inversely compensate . It must be pointed out that many CPV optics transmits better in the middle range than in the top which worsen even more the top/mid current ratio, so this approach is not always possible. Alternatively the cell itself can be optimized according to the value of the site and considering the spectral effect of the optics. A majority of sites show also a value below one but in this case there are many sites with values close to one or above too. Nevertheless, the impact of the depends very much on the cell technology, since the current of the bottom subcells exceeds the other two from only about 7%
for the case of the LM-DN cells to more than 40% for the LM-Ge subcells. For this last technology, in any single location the bottom subcell will not limit the current of the device, but this may not be the case for the other technologies in specific sites.
It is worth making the point that the distance among SMR coordinates of different technologies of a given site is related to the closeness of its atmosphere to AM1.5D-G173 conditions. The closer is a location to the ideal situation ( =1 and =1), the closer are the four SMR coordinates.
Sites with high/low as Yonsey_University (34) ( =0.33, =0.96) and low/high as Lanai (19) ( =0.08, =2.87) highlight those differences which are caused by the combination of the cut-off wavelengths of the subcells and the dominant levels of atmospheric components of a site.
Spectral thermal drift
The cell temperature impacts on the spectral response of MJ solar cells [43] and therefore on their current subcells and related SMR values. As it was pointed above, all the previous analyses considered a cell temperature of 90 °C, closer to operation temperatures of MJ solar cells in a CPV module. QE of a solar cell tend to expand due to temperature, so depending on the cut-off levels of each subcell with respect solar spectrum, thermal changes can lead to different evolutions depending on the technology. While the change due to temperature is negligible in IMM and LM-DN, the most sensitive technology is UMM, where in some extreme cases as Lanai (19) the thermal drift is almost 0.02. This is explained by the fact that the cut-off wavelengths of middle and bottom subcells are exactly at the first main waster-absorption peak of terrestrial solar spectrum around 940 nm. The abrupt change of irradiance in this spectral area makes this technology more sensitive than the others to QE changes and so on to temperature.
CONCLUSIONS
Several capabilities of the SMR as spectral index for CPV applications have been shown in this use of the Scipy stack [44] , an open-source Python-based scientific computing environment. Table 2 lists the 34 AERONET stations selected in this work, including geographic data, AERONET annual DNI and annual DNI-weighted spectral parameters for each location. Table 3 
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